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The objective of this study was to develop methods for consistently creating porosity, slag inclusions, lack of fusion, and hydrogen cross-cracking discontinuities in welds to evaluate their effects on the pr'erties of welds. To accomplish this objective, weld deposition procedures were altered systeatically to devel_ -welding £echiques cap'tble of producing a specific discontinuity type and size. The techniques used included both electrical and mechanical perturbations of the weldirg parameters.
It proved possible to implant weld discontinuities with good reproducibility. It was found, hnever, that mechanical perturbations were more reliable for accurate repwt.ction of discontinuities. Objective. The obective of this invvstigation was to specifications for inspection of welded structures. develop technique, for producing controlled disconUnuities in weldmnt. Such information is neceosafy
The steps necessary for successful completon of as a preliminary slep it i, in-depth, long range investithe work unit are the following: gation ot the eff~cls tat weld discontinuities on me-1. Develop techniques for producing controlled chanical behavior of the joint.
discontinuities of a specific type in weldments. The
Background. Wien products are fabricated b) weldtechniques should ,mploy weld perarbtion rather ing. rarely are the we!d deposits Iee of discor.inuities.
than the introduction of foreign partiles since the The field construction environment increases the pusformer is the common source of discontinuities in acsibility of discoutinuity formation because it is generaltual service. ly not ideal. Fa:tors such as temperature. fit up. acces-2. Develop nondestructive inspection technique3 sibility, well position, and iestraint can vary and procedures to accurately describe the discontinconsiderahly. If not properly compensated fr, such uities in detail. variations can tesult in weld discontinuities.
3. For each type discontinuity, develop tentative Discontir uities in weldments can be of many equations describing the relations of its variables to the , types. C-Acks, porosity, lack of fusion, incomplete mechanical properties. penetration. t.iderent inclhsions, and burnthrougl are 4. Fabricate specimens containing only the desome of the discontinuities commonly found in consired discontinuity using the techniques developed in struction tha. can effect the serviceability of the prodstep . Inspect them, using the techniques developed in uct.
step 2. Predict their behavior using the tentative equaThe eff.ct of all discontinuities is not the same.
tions developed in step 3. Factors suca as size, shape, distribution, orientation, 5. Conduct mechanical tests to verify the predictype of s'rice, material properties, temperature, and tions of step 4. discontinui;y type play an importait pait in determining the effect of discontinuities. ft is not yet possible 6. Modify the equations of step 3 to incorporate to quantitatively describe the effects of all these facthe results of step 5. 7. tors on the serviceability of a weldment cecause no proven relationships exist between these fators and 7. Repeat steps 3-6 for other discontzitity types the propx:rties of the weldment. Such quantitive relaor other loading conditions. tionships would be extremely useful to the application of nndetruciveinspctin offabicatd sructresin this program the mechanical properties of interofbe rute u dictnthespertionoformwanet strucres est include the yield strength, ultimate tensile strength, beca u~se th ey co uld p red ict th e pe r~o rm ance o f a stru cd u tl y , o g in s a d f i ue -e of w d m t n ture m re accurately than the urrent standards. 1n ductility toughness, and fatigue ife of weidments in such an application. there could be a considerable cost i f strengeh steel. The discontinuity parameters to be saving by assuring that repairs be made only in weldcorrela;ed for teir effects on te above quantities are inents actually requiring them and by assuring that type, size. shape, tocation, orientation, and distribution. The weld discontinuities to be iladed in the other welds can meet the intended service relt';restudy are cracks, tree types of porosity. lack of ments.
fusion, and slag inclusions.
Tne overall objective of this work anit is to develop equations -vhich quantitatively relate type, size.
Hypothesis. Theoreticaily a set of equations based shape, locat;on. and oticnii.iiun of weld discontinuities upon the principles of fracture mechanics can be devel- Additional interim reports will be issued upon the corn-
pletion of steps 3 through 6, for each of the discontinuity types or loading conditions. St.-p 2. the development of accurate nondestructi,e inspection techniques, is a continuing effort under research project hydrogen into the molten weld metal for hydrogen "Nondestructive Testing for Field Welds." hrogencinta cross-cracking.
A high-strength steel, HY-130(T), and suitable SMA and GMA welding electrodes were used in this investigation. All welded test specimens were fabri-2 TEST PROCEDURES cated from one-incl. hick plate stock of HY-130(T) stee, obtained from U.S. Steel Corporation; the chemical composition and i.echanicai properties are presentImplantation of Discontinuities. Intentional pertured in Tables I and 2 . respectively. The as-deposited bations of the norma! welding conditions were perchemical composition of the Linde 140 GMA, bare formed in order to implant the discontinuities. These electrode weiding wire, and of the McKay El 2018 and perturbations were performed during the first pass and E14018 covered electrodes used in the preparation of covered by subsequent sound weld passes.
the presentation specimens are given in Table 3 . The
The perturbations attempted were various combinshielding gas used in the GMA process was 98% Argon ations of voltages and currents in the gas-metal-arc -2% Oxygen.
(GMA) process for porosity and lack of fusion, variaThe weld passes were deposited in V-grooves tions in GMA shielding gas for porosity, irregular weldmachined in plates of HY-130(T) base metal. The ing patterns using shielded-mztal-arc (SMA) electrodes grooves simulate one-half of a full-penetration, doublefor slag inclusions, and various techniques of injecting V butt weld. The experimental plates used for develop- ing the techniques were cut as shown in Figur-I while weldiaig skill conditions. A summary of the successful the presentation specirnrns used ',ir final denmonstraperturbations used to produce the final presentation tion of results were cut as shown in Figure 2 . specimens appears in Table 4 .
Asa standard of reproducibility, two consecutive Porosityv. Thiwe types of porosity were produced welds with two defective regions in tach were proin this program. isolated or disoeried putcb. 1imiees: duced as shown schematically in Figure 3 . This method porosity, and clustered porosity. The nature of the has been found to give a good measure of reproduciporosity was used to define the three general types. bility and a feeling for the discontinuity variations reEach of the three types of porosit; %as produced by suiting from inherent fluctuations in the welding conthe GMA process. ditions5.
The term -isolated pores" refers to a single void or Verification of Discontinuities. To ascertain whether the desired discontinuity, and only the desired d -ontinuity, was successfully implanted, each weldmen: a inspected both nondestructively and destructively. to a few dispersed %-.!ds whi~h are locajted in the same porosit% is prod-s~cd -.hcn the unstable are causes air region of the weld and which are distinct and easiIh to be entrapped ,-nd t:ve molten pool. Linear discernable from one another This broadened defiporosit) wis pr-'du--ed in the presentation specimen.
muton Of isolated porosity was used because of the PS-6.
extreme difficult% in producing a single. isolated pore. Clustered porosity is defined -is a concentration of Producing a single pore is difficr'It because pore many closely spaced'pores which, consequently. are formation is a nucleation and growth process. thereoften not easily distinguishable one from another. fore, its kinetics complies with ihe laws of statistical Clustered porosity was most effectively prot-uced by thermodynamics. When the conditions are such that shutting off the shielding gas completely. The wellI note nucleauwen is fa-sored. it is probable that two or metal is contaminated by reaction with oxygen in th: more pores will nucleate unless the conditions for pore atmos~phere at the melteng poiti. Sinc;e tht: solubility (of nucleation can be changed immedialh oxgn in, steel decreases rapidly as temperature Isolated pores were produccd b, intensifying the decreases clister"s of po.-es form as a result of gas arc power by increasing either the %oltage or the entrapment duArig cooling. The formation of CO and curren*. However. increasing the VOltage was -)t CO, and sulsequent release also adds it) *he number of Lonsidered satisfactot) since the pores produced would nrs ~see ooi~wspoue npeetto be-accompanied by lack of side wail fusion. Therefore.
specirren. PS-I. increasing the current, which produced solely isolated LAz(.k of Fusion Lack of flisin. like pw-irosit%. w~as pores, was c'n'.,dered to be the only satisfactory produced using the GMA process The goal of tilts pertuioation for this defect, phase of the investigation was to produce a segeto Liner prosty i deine asa sees f pres the weld containing lack of fusion of a specific length.
arranged ir. essenitially a straight line over some length Lc ffso a otefcieypoue }lwr of the weld. Linear porosity was most successfully ing the current (see Table 5 ). The lentil. of the lack of prouce by ~ Gl te xygn i th sheldng fus:o;-is propurtional to the length ofl time the current
PaS. An unstable arc results which is due, in part. to is held at the low value-Lick of fusion was produced in variations in the amount of iron oxide on the plate presentation spec~rrnen PS-5.
surface. Appreciable f'uctuations. in the c~athode voltAs mentioneat previously, lack of fusion also age drop occur and. consequently. the arc wanders as it commonly occurs wvhen the voltage is increased to arge seeks a positioti requing -he lowest drop. The values. However, as pointed out, this procedure was considered unsatisfactory because the lack of fusion Is Hlowcer, no cracks were observed when this electrodc usually accompanied by large pores, thus, this pioce.
was used in this Investigation. Therefore, the GMA dure was not used.
process was used.
Slag Inchlsions. Slag inclusions were Implanted Nondestructive and Metallographic Examination, Rausing E12018 covered electrodes in the ihiclded diogtaphic examination indicated that only the desired metal-arc (SMA) process. The electrodes used in the discontinuities were produced in the presentation speci-SMA process operate with heavy slag action. The heat mens. Guided by the radiographic indications presentaof the arc melts the covering forming a slag and the tion spzclmens 1, 5, 8 nd 10 were sectiuvid to verify drop is completely slag-covered during transfer. Before the existence of the desired discontinuities, their physisolidification of the weld, the slag being lighter than cal dimensions and position in the weldment, These the metal floats to the surface of the weld where it specimens contained clustered porosity, lack of fusion, solidifies and is cleaned off. If the electrode is slag inclusions, and cross-cracking, respectively. No atpositioned off the center-line of the V-groove, this tempt was made to section specimens containing isofloating action is obstructed and slag is trapped lated pores because of the difficulty in exactly cutting between the weld deposit and the side of the groove, in the plane of the pore. Figures 4, 5, 6 and 7 show
It should be noted that to control slag entrapment, macrophotographs of the polished and etched sections it was necessary to grind a radius at the root of the V of PS-!O, 1, 5, and 8, respectively. The desired disconbecause with a sharp V it was not possible to prevent a tinuities were present and in the positions indicated by thin line of slag from being entrapped in the root along radiography. the entire length of the weld. By positioning the arc off-center on the first pass, slag inclusions were produced as in the presentation specimen, PS-8.
Hydrogen Cross-Cracking. The three essential 4 SUMMARY conditions necessary to produce hydrogen cross-cracks are a source of hydrogen, the formation of martensite, and tensile stress.
Techniques for implanting three types of porosity, lack of fusion, slag inclusions, and hydrogen crossThe hydrogen cross-cracks were produced using cracking were successfully developed. Non-destructive the GMA process. The normal parameters for a sound and metallographic verification indicate that the deweld were used; however, the shielding gas used was sired discontinuities were implanted. a mixture of 97.5% argon -1% oxygen -1.5% hydrogen and the weld was made on a plate which was When the perturbations involved the shielding gas, not preheated (see Table 5 ). In this way the cooling control of the size of the discontinuities was good. On rate favored martensite formation. The'combination of the other hand, electrical perturbations did not yield martensite fomniation and constraint from the base diw~ontln'ities as easily controllable. The amounts of plate produced a sufficient stress. Many cracks aplinear porosity, clustered porosity and hydrogen crosspeared transverse to the welding direction. The crosscracks are easily controlled because they were obtained cracks produced in PS-10 can be seen in Figure 4 , by altering the shielding gas which was automatically which is a section parallel to the welding direction and controlled by solenoid operated valves. Slag inclusions perpendicular to the plate surface.
also are controllable when the welder is sufficiently skilled to keep the slag entrapped during the deposition Mcsa ci was18 a teptroed whinh PSa byeusing process. However, high controllability of size and pcray 10 SMA sus eiblectohdrodenwhichhadbe -number in the case of isolated porosity is still quite ported to be susceptible to hydrogen cross-cracking.'
difficult to obtain.
Difficulties arise when electrical perturbations ar: employed to produce a discontinuity. The voltage and. a considerable time lapse before the discontinuity-7 producing conditions are attained. Furthermore, once ntities was good. On the other hand, electrical perturthe discontinuity-producing conditions are reached, the bations were not as easily controlled because uf the altered parameters are still subject to random flucturandom electrical fluctuations inherent in welding and ations. The Inability to properly control the electrical the inability to properly control the electrical paramparameters makes the fabrication of controlled-size eters manually. discontinuities difficult. However, automatically adFutur Work. The next reported phase of this projusting the welding parameters may minimto this difficulty.
gram will be an evaluation of the effect of varying amounts of cluster porosity of the tensile properties of welds in T-1 steel. Future interim reports will present the results of investigations of the effects of other discontinuity types or loading conditions. 5 CONCLUSIONS implantation of Discontinuities. Using the electrical and mechanical perturbations described in this report, REFERENCE three types of porosity, lack of fusion, slag inclusions, and hydrogen cross-cracks were intentionally im- 
